The present study aims to analyse in details the tectono-sedimentary processes of the western borderline of the intra-continental graben of Ptolemais-Kozani in NW Macedonia, given the presentday mining activity of Public Power Corporation. Field studies in combination with drilling analysis revealed the extremely geometrical complexity of the sedimentary fill as the result of the recent Quaternary deformation. Bearing in mind, the recognition of left-lateral strike-slip component of movement in the western border fault zone-Mavropigi shear zone, the geometrical coincidence of the morphological shapes of the present-day morphology-of the top-of the bottom of the Pliocene earthy lignite sequence and of the sub-surface morphology of the pre-Cretaceous Pelagonian basement as well as the discovery of several reverse faults in the surrounding area have allowed us to accept the action of a composite Quaternary deformational pattern. For the first time in NW Macedonia, ductile-brittle type macrostructures (mega-anticlines) with NE-SW axis direction are confirmed, showing the simultaneous and progressive action of ductile and brittle deformation of all the geological formations of the western borderline, sedimentary fill and metamorphic basement. The aforementioned geometrical complexity and also the observed field structures strongly reveal the action of a rotational couple-type stress field in Ptolemais-Kozani graben, enclosed in the intraplate in-type deformation of NW Macedonia. In this framework, the occurrence of the extensional post-orogenic structures, which seems that they have been overestimated by previous researchers in the literature, is considered of secondary importance and constitutes part and expression of the complicated Quaternary tectonic structures of the sedimentary fill. This complex deformational pattern controls and also defines the spatial distribution of the lignite reserves in the Mavropigi Lignite Field with a southward increasing of them as well as causes regions with a composite or a simple post-orogenic geometry and evolution, directly reflected by the sub-surface geometry of the Pliocene lignite sequence. The aforementioned complicated geometry is of great importance, either for the planning and the future expansion of the Mavropigi Lignite Field in the western borderline, or for the better approach of the intra-plate deformational processes of Ptolemais-Kozani graben.
INTRODUCTION
The present work is associated with the survey of the deformation of the sedimentary fill in Mavropigi Lignite Field, the first part of the future Western Field of Public Power Corporation (PPC) in NW Macedonia. The whole attempt is based on detailed field observations and also in the data of the depth, including drillings, hydrogeological and geophysical data. The combination of the aforementioned methodologies and sections of the geosciences is really necessary and effective in regions of especial economical interesting. In the followings analysis, we have included and analyzed 580 primary drilling data of PPC for the surrounding area of the Western Lignite Field. The study area is located in the western margin of Ptolemais-Kozani graben, a very well geometrical and deep NW-SE directed tectonic graben (Diamantopoulos et. al. 2004 ), figure 1.
The observed geological formations are dissociated in the metamorphic basement, including the pre-Cretaceous Pelagonian metamorphic sequences and in the sedimentary fill of Plio-Quaternary age (PPC 1987) . The pre-Cretaceous Pelagonian units contain the Triassic-Lias pelagonian marbles, which through a low-angle normal shear (detachment) zone, overly the pre-Alpine Pelagonian basement, composed of metamorphic foliated rocks, schists and gneisses.
The study of the recent deformation of the post-orogenic sediments of Ptolemais-Kozani graben has been completely based on the structural analysis of the observed brittle structures. The majority of the bibliographical data, such as Anastopoulos et. al. 1972 , Pavlides 1985 , Doutsos et. al. 1998 , Mountrakis et. al. 1999 , Pavlides 2003 assumed that the existence of a pure extensional regime from Miocene to present-day period is the dominant stress field. All the previous researchers emphasized to the existence of several normal brittle structures, including also active normal faults (Pavlides 1985 , Mountrakis et. al. 1999 ). In the followings structural analysis, we present new data regarding to the post-orogenic deformation of the sedimentary fill and of the metamorphic basement, which conclude the very complicated Plio-Quaternary deformation of Ptolemais-Kozani graben as well as to the complicated character of the post-orogenic brittle structures.
The beginning of the geological research in Mavropigi Filed (Mavropigi-Pontokomi settlements) is dated since 1952 by professor Papastamatiou I. and Vetulis 1957/1958 , who gave a reliable and analytic geological view of the lignite reserves in the western margin. A more systematic survey began in 1980 by PPC for the exploitation of this region and its addition in the active lignite fields of Western Macedonia. A detailed analysis of the recent brittles structures in the lignite fields of Western Macedonia was given by Pavlides 1985 . Steenbrink 2001 studied the stratigraphic succession of the continenttal sediments in the surrounding area, adopting a Late Miocene age for the inintiall formation of Vegoritis-Ptolemais-Kozani graben. Recently, Diamantopoulos et. al. 2003 and Diamantopoulos et. al. 2004a analyzed the hydrogeological regime, emphasizing to the important role of the pre-Alpine metamorphic rocks in the internal parts of the graben and also described its composite morphotectonic structure and the present-day geometry of the sedimentary fill.
STRATIGRAPHY & GEOMETRY OF THE SEDIMENTARY FILL
The sedimentary fill contains lacustrine and continental sediments of Plio-Quaternary age, which constitute the upper members of the sedimentary sequence of Ptolemais-Kozani graben. They seal the strongly deformed morphology of the basement (unified), burying several tectonic planes-contacts of the pre-Cretaceous Pelagonian structural units (Diamantopoulos et. al. 2003 , Diamantopoulos 2004 
BRITTLE DEFORMATION
The present-day structural view of the sedimentary fill is characterized by the influence of recent and strong brittle-type deformation with the expression of planar and listric (gravity) normal faults as well as a large number of reverse faults, unknown until now, constitutes a very significant structural element. The brittle structures are separated in those who impact only in the sedimentary fill and in the most of the cases constitute syn-sedimentary brittle structures and also those who are associ- Figure 1 . D.E.M. of Ptolemais-Kozani graben, including the major morphotectonic units and the fault zones. It is remarkable that in the internal parts of the graben, it is arranged a sub-surface mega-anticline macrostructure of the pre-Tertiary basement, creating two individual and perpendicularly directed morphological basins (Vegoritis-Ptolemais and Ptolemais-Kozani grabens). The southern graben constitutes a very well defined morphological basin, filled by 1 km in thickness post-orogenic sediments. This morphotectonic configuration is based on geological-drillings-geophysical-hydrogeological data of PPC (Diamantopoulos et. al. 2004a ). ated with the tectonic evolution of the graben and essentially they are the fault surfaces of the western border fault zone-Mavropigi shear zone. According to our field studies, we confirmed dipslip vertical, dip-slip normal, oblique-slip normal, dip-slip reverse and oblique-slip reverse faults.
The presence of the brittle structures in the sedimentary fill is of great importance, either in the better knowledge of its recent brittle deformation, or in the stability of the slopes of the mines. Detailed field studies in all the mining units of PPC revealed the strong occurrence of reverse brittle structures, which play an important role with reference to the occurrence and the role of the compressional intra-plate structures and also they cause an apparent large thickness to the Pliocene lignite sequence, figure 2. In many cases, they co-exist with gravity structures and constitute a major element of the brittle-type deformation, striking in general N-S direction. An interesting point is the frequent formation of pop-up structures within the mining units, presumably associated with intra-plate continental transpression and dextral strike-slip faults, figure 2A-D-C.
In parallel, the analysis of the fault surfaces of the western border zone-Mavropigi fault zone revealed that it constitutes a composite shear zone with re-activations in the recent geological past. Mavropigi fault zone strikes in NW-SE direction in Mavropigi-Pontokomi settlements, with an apparent false throw more than 300m going basinwards and also it is cut by the Quaternary NE-SW directed Asbestopetra-Kariochori-Komnina fault zone (Papastamatiou 1952) , near Proastio settlement. The set of the fault surfaces constitute a left-and right-stepping en echelon arrangement, cutting the Plio-Quaternary sediments. We observed, at least, two set of striations, the first and the dominant one showed an oblique-slip normal movement, which is combined with a left-lateral strikeslip component of movement and also a vertical set of striations of a clear normal sliding, figure 3. The aforementioned en echelon arrangement of the fault surfaces in combination with the strong westwards tilting of the sedimentary fill signal for the action of anti-clockwise horizontal rotational axis, parallel to the direction of Ptolemais-Kozani basin, defining 3 rd order three dimensional structures. Thus, according to the above field observations, it is clear the action of Mavropigi shear zone in Plio-Quaternary period, characterizing it as a possible active fault zone.
The significance of the above confirmations is the presence of compressional intra-plate deformation in the greater area, which co-exists with brittle structures of gravity character, included in the same time span. Thus, the study of the brittle structures outlined the complex character of the brittle tectonic structures with the presence of extensional, compressional and strike-slip deformation.
DUCTILE-BRITTLE DEFORMATION
The research of the ductile-brittle deformation mainly achieved by the analysis of 580 drillings of PPC in combination with field observations in the surrounding area of Ptolemais-Kozani graben. The following description of the ductile-brittle macrostructure of the western borderline constitutes the first example of Quaternary ductile-brittle type deformation in Western Macedonia.
For the better structural view of the lignite sequence, we constructed the 3D representation of its geometry. The 3D representation of the morphology of the present-day surface, of the top and of the bottom of the lignite sequence and of the pre-Cretaceous metamorphic basement have led us to determine a visible and clear mega-flexure (macro-fold) in the macro-scale, as schematically figure 4 represents. Its geometrical configuration is accompanied by the creation of two internal 3 rd order tectonic grabens, showing the simultaneous occurrence of brittle deformation inside this macrostructure, named hereafter as ductile-brittle macrostructure. The region, in which it is observed the figure 2C . This observation allows to be assumed that these structures constitute tangential longitudinal folds with an upper extensional part and a lower compressional part. However, according to the sub-surface data, this mega-anticline geometrical arrangement of the sedimentary fill is very well conserved, going from Mavropigi to Komanos settlement towards east. In addition, it should be noted that the above described macrofolds are the result of shallow deformational conditions, where the ductile deformation begins earlier and it is accompanied by the simultaneous action of brittle-type deformation in a secondary evolutionary stage of them. The key point of the aforementioned geometrical transformation is that the acted deformation is a continuous process during the geological time, which is also accompanied by a general rearrangement of the morphotectonic view and the geometry of the whole macrostructure.
In parallel, this recent Quaternary ductile-brittle deformation is also imprinted in the minor structures of the metamorphic sequences of the western borderline. Furthermore, all the minor folds, including isoclinal-tight-open-kinks folds, of the schists outcrops are presented in a stable NW-SE direction and they are dipping either NW or SE, following the similar geometrical orientation of the major mineral-stretching lineation Ln+1. A similar geometrical orientation but somehow slightly is also observed in the main secondary penetrative foliation-mylonitic texture Sn+1. This general megaanticline adaptation of the alpine tectonic fabric is also conveyed in the sub-surface geometry of the tectonic contact pelagonian marbles-pre-Alpine Pelagonian basement in Agios Markos hill, figure  5 . Thus, their spatial distribution follows the formation of the former mega-anticline, undergone by the same recent deformation.
SUB-SURFACE MORPHOLOGY AND TECTONIC STRUCTURE
The study of the sub-surface morphology and structure of the western borderline is based on 40 drillings of PPC, which cut the pre-Cretaceous Pelagonian basement. The representation of them in 3D dimensions revealed the morphology, the major sub-surface brittle structures and also gave new data for the geometrical development of the MSZ. We constructed two geological crosssections with a general NW-SE direction, parallel to the western borderline. In figure 5 , it becomes clear the formation of 3 rd order macrostructures of the pre-Cretaceous metamorphic rocks with the geometrical development of three dimensional tectonic horsts and grabens. The first cross-section corresponds to a tilted fault block arrangement with two clockwise rotated fault-bounded blocks and the second one to a basin & range topography. In that case, the Pliocene unconformity of the sedimentary fill above the basement constitutes the basic element of the calculation of the displacement in the sub-surface fault zones. Figure 5 . The sub-surface tectonic structure of the western borderline, emphasizing to the sub-surface geometry of the Mavropigi shear zone. The two geological cross-sections represent the sub-surface morphology of the pre-Cretaceous Pelagonian rocks. The numbers in the cycles correspond to the false throws of the major subsurface fault zones. In parallel, it is drawn the western boundary of the Pliocene paleo-lake.
Regarding to the Mavropigi shear zone, it became clear its fluctuated false throw along the margin and it was defined its detailed sub-surface arrangement, which essentially coincides with the geographical axis Mavropigi-Pontokomi settlements. The general sub-surface structure of the western borderline is also outlined, either by the significant occurrence of brittle structures with more than 300m false throws or by the action of strong syn-sedimentary conditions during the sedimentation, showing that the progressive subsidence of the western borderline was achieved through many evolutionary stages. Notwithstanding, this peculiar geometry and deformation-type of the western borderline (Askion mt.) is not observed in the homologous eastern borderline (Vermion mt.) with the result, it is created a general dismemberment of the deformational processes in the greater area of Ptolemais-Kozani graben.
CONSEQUENCES IN THE MINING ACTIVITY OF MAVROPIGI LIGNITE FIELD
From figure 4, it becomes obvious an increasing of the thickness of the lignite sequence in the southern part-Pontokomi settlement in contrast north of Mavropigi settlement, where it is observed a decreasing thickness of the same sequence. Thus, it is clear that the quantities of the lignite reserves in the southern part are larger than the homologous in the northern part.
The aforementioned mega-anticline macrostructure presupposes that in the region of the anticline axes they are determined the better exploitation conditions because of the relative up-lifted structural location of the lignite sequence. In addition, the fact that westwards the thickness of the sediments increases, it leads the external (western) boundary of the Mavropigi Mine closer to Mavropigi settlement. However, this westwards free displacement of the mine boundaries is strongly controlled by the morphology of the pre-Cretaceous metamorphic rocks with the result the distance between Mavropigi settlement and Mavropigi mine has to be planned in safe distance values. In figure 6 , it is illustrated the tectonic structure of the western borderline in Mavropigi settlement, showing clearly the location of the Mavropigi Lignite Field with reference to the complex geometry of the post-orogenic sediments and also the strong faulted sub-surface structure of the basement. In the same representation, we also note that the Agios Markos klippe (tectonic outlier of the pelagonian marbles) constitutes an isolated hydro-geological unit and only an insignificant inflow is expected towards Mavropigi mine or Plio-Quaternary sediments of the western margin. Figure 6 . Schematic geological cross-section along the western borderline. It has been noted the westwards titling of the sediments, the en echelon arrangement of the MSZ, the anti-clockwise rotation of the sediments and also the nappe-structure of the pre-Cretaceous Pelagonian sequences.
In addition, the interrelation of the sub-surface data, in the most of the cases leads to the recognition of the sub-surface brittle structures but in any case this determination should not be applied for the recognition of their kinematic character. Several examples from our field studies in the mining units of PPC corroborate the above assumption, which frequently is used as a working hypothesis with the acceptance of the gravity character of the tectonic structures, ignoring the great complexity of the brittle-type deformation. Furthermore, in the cases where the sub-surface data indicate the existence of a strong sub-surface brittle structure with the basement-involved, contrasting different lithological groups and also it is accompanied by a normal and reverse-separation faults in the lignite horizons (top-bottom), it is concluded the action of strike-slip faults affecting all the geological formations, flower structures (Allen et. al. 1990 ).
The future exploitation of the lignite reserves of the Western Field should take into consideration these data, in order to define the boundaries of the mine and also the depth of the exploration. In parallel, the aforementioned analysis is of great importance for the determination of the groundwater divide (watershed) along the western borderline between the two separated hydrodynamic systems of the pelagonian marbles in the greater area. The northern hydrodynamic system (+520 a.s.l.)-HDS I is not expected in our study area given that the pre-Alpine Pelagonian basement is uplifted, creating an impervious sub-surface zone (Diamantopoulos et. al. 2003) . Furthermore, the mine area is influenced by the southern hydrodynamic system-HDS II (+310a.s.l.), which does not impact the study area, given that the bottom of the Mavropigi Field is planned at the 450m a.s.l.
CONCLUSIONS-DISCUSSION
From all the aforementioned, it is concluded that the Quaternary deformation of the western margin of Ptolemais-Kozani graben and essentially the homologous processes in the surrounding area are hardly complicated. The contemporaneous development of normal faults (with or not strike-slip component), of reverse faults (with or not strike-slip component) and of a mega-anticline macrostructure, either of the described surfaces (relief morphology, lignite sequence and metamorphic basement) or of the already arranged alpine structures, constitute the major criteria of the aforementioned assumption. Consequently, the deformation in the surrounding area of PtolemaisKozani graben is expressed by brittle structures of gravity and reverse character and also at the same time by ductile-type macrostructures. The suggested term "ductile-brittle macrostructure" for the aforementioned mega-anticline structure with a NE-SW axis direction in the study area includes the simultaneous and progressive action of ductile and brittle deformation, affecting all the geological formations, sedimentary fill and basement. Its temporal function and geometrical transformation is depended on the lithological heterogeneity of the involved formations. This described complex geometrical arrangement of all the geological formations is also accompanied by a strongly faulted sub-surface structure and morphology. The formation of tilted fault-bounded blocks and also the configuration of successive horsts and grabens constitute the major geometrical and structural characteristics of the western borderline of Ptolemais-Kozani graben. In addition, this sub-surface geometry also contains fault zones of large false throw, which control, either the sub-surface morphology of the basement (unified) or the spatial distribution of the sedimentary fill. A remarkable point of the aforementioned brittle structures is the formation of reverse or oblique-slip reverse faults (dextral strike-slip faults), which are directly associated with pop-up structures, showing either the strong occurrence of compression or the significant involvement of strike-slip component, presumably related to intra-plate transpression. The latter seems to be conveyed in the overall sedimentary fill and probably reveals the existence of syn-sedimentary strike-slip faults in a progressive deformational stage (Schreurs et. al. 2002) , creating a strong faulted sedimentary sequence.
Bearing in mind, the complicated geometry and the peculiar tectono-sedimentary processes of the post-orogenic sediments (ductile-brittle deformation), the frequent arrangement of pop-up structures with oblique-slip reverse faults as well as the strike-slip kinematic character of the Mavropigi shear zone, it is concluded the action of a complicated deformational pattern, a rotational coupletype stress field in Quaternary period, as its multi-complex characteristics were analyzed by Mariolakos et. al. 1989 . In this framework, the deformation-type is of ductile-brittle character with complex tectonic structures, which can be interpreted only by the acceptance of this peculiar stress field. Its progressive action is responsible for the complicated deformation of the sedimentary fill, controlling the spatial distribution of the lignite reserves and causing a dismemberment of the deformation along the overall graben, creating geographical regions with an extremely complex (western borderline) or with a simple evolution and geometry (eastern borderline). The assumption of previous researchers for the action of a pure extensional stress field simplifies the observed tectonic structures of the sedimentary fill, given that its presence is only apparent. These new structural data reveal and also corroborate the importance of the back-arc compressional intra-plate deformation in Western Macedonia, which has also been outlined by recent GPS data and field observations (Lekkas et. al. 1999 , Sakellariou et. al. 2001 , Fountoulis et. al. 2000 , Fountoulis et. al. 2002 , Diamantopoulos et. al. 2004a , Diamantopoulos 2004b . Furthermore, according to the above structural analysis the post-orogenic deformational processes of all the geological formations char-acterize a continuous and not a discontinuous process in the space-time, even in the upper brittle zone of the crust.
In conclusion, apart from the above theoretical conclusions and new ideas, the aforementioned composite deformational mechanisms appear important consequences, either in the spatial distribution of the lignite reserves with a specific geographical distribution along the western margin, or in the future geographical expansion of the Mavropigi Lignite Field. The detailed mapping of the surface and sub-surface geometry of all the geological formations constitute a basic determined factor before the exploitation of the lignite reserves for the better exploitation and the estimation of the hydrogeological behavior of the sediments and of the basement (Dimitrakopoulos et. al. 1993) .
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